Abstract. Matrine (MT) is the primary active alkaloid separated from members of the Sophora genus. Previous studies have reported that MT has anti-inflammatory effects in the central nervous system (CNS). However, the underlying molecular mechanism of the neuroprotective effect of MT remains unclear, particularly the role of heat shock protein 60 (HSP60). Microglia are macrophages in the CNS that serve an essential role in the innate immune system by producing various proinflammatory and neurotoxic factors. In addition, HSP60 is released by activated microglia causing an autoimmune response. The present study aimed to investigate whether MT could inhibit the activation of microglia via suppressing the HSP60 signaling pathway. The results demonstrated that the expression and release of HSP60 in LPS-activated BV2 microglial cells was significantly decreased by MT treatment. Extracellular HSP60 is a ligand of toll like receptor 4 (TLR-4); thus, it was hypothesized that secreted HSP60 could bind to TLR-4 on microglia and activate the TLR-4 signaling pathway. As expected, western blotting and ELISA results revealed that MT significantly inhibited the LPS-induced increase in TLR-4, myeloid differentiation primary response protein MyD88, caspase-3 and tumor necrosis factor-α. In conclusion, the results of the present study provide a novel direction for the prevention and treatment of neurodegenerative diseases characterized by microglial activation.
Introduction
Microglia are the resident macrophages of the central nervous system (CNS) . Accumulating evidence has demonstrated that the over-activation of microglia, for example, in response to certain environmental toxins and endogenous proteins, contributes to the progression of several neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease and multiple sclerosis (MS) (1) . Previous studies have indicated that neurodegenerative diseases are associated with the secretion of various proinflammatory and cytotoxic factors by activated microglia in the brain (2) (3) (4) (5) . Therefore, inhibiting the activation of microglia is an important strategy for the prevention of neurodegeneration.
Microglia can be activated by lipopolysaccharide (LPS), and serve a role in the innate and adaptive immune responses through the production of proinflammatory mediators, including myeloid differentiation primary response protein MyD88 (MyD88), nuclear factor-κB, caspase-3 and heat shock protein 60 (HSP60) (6, 7) . It has been demonstrated that HSP60 is highly expressed by activated microglia, and that the extracellular release of HSP60 increases the production of other proinflammatory factors through binding to toll-like receptor 4 (TLR-4) and stimulating neuronal cell death (8, 9) . Thus, the regulation of HSP60 production is a potential therapeutic option for the treatment of neurodegenerative disorders.
Matrine (MT), the major active component of members of the Sophora genus, is used to treat inflammatory diseases and cancer in traditional Chinese medicine (10, 11) . Kan et al (12) demonstrated that MT could attenuate the severity of experimental autoimmune encephalomyelitis through reducing levels of chemokine ligand 2 and C-X-C motif chemokine 10, and suggested that MT may be an effective immunomodulatory therapeutic approach for MS through inhibiting immune cell recruitment mechanisms. MT was also identified to effectively protect neuronal axons from CNS inflammation-induced damage by inhibiting risk factors, including β-secretase 1, and upregulating neuroprotective factors, including brain-derived neurotrophic factor (13) . However, the cellular and molecular mechanisms underlying the anti-inflammatory activity of MT on microglia remain unclear (14) . The present study aimed to investigate the neuroprotective effects of MT and determine whether HSP60 was associated with these effects through inhibiting microglial activation. The results demonstrated that MT could inhibit the expression of HSP60, TLR-4, heat shock factor 1 (HSF-1), caspase-3 and MyD88 to prevent neuronal injury in LPS-treated BV2 mouse microglial cells. These results suggest that MT prevents microglial activation via inhibiting the HSP60/TLR-4/MyD88 signaling pathway. Cell culture. Mouse BV2 microglial cells were maintained in DMEM supplemented with 10% FBS at 37˚C with 5% CO 2 in an incubator. Cells were pretreated with LPS (1 µg/ml) for 30 min and then incubated with different concentrations (5, 10, 20 or 50 µg/ml) of MT for 24 h prior to a variety of assays.
Materials and methods

Chemicals
Cell viability assay. Cell viability was assayed using the CCK-8 kit. Cells were seeded into 96-well microtiter plates at a density of 5x10 4 cells/well and cultured for 24 h. Subsequently, CCK-8 solution (10 µl) was added to each well according to the manufacturer's instructions and the plates were incubated for a further 2 h. The absorbance at 450 nm was measured using a microplate reader in order to determine cell viability as a percentage of the control (untreated with MT) value.
ELISA for TNF-α and HSP60. Levels of TNF-α and HSP60 released into the culture media were determined using TNF-α and HSP60 ELISA kits according to the manufacturer's protocol. The absorbance was detected at 450 nm using a microplate reader in order to determine the amount of TNF-α and HSP60.
Western blotting. Cells were washed three times with PBS (2 min for each wash) and lysed (10 min, 4˚C) with radioimmunoprecipitation assay buffer. The lysate was centrifuged (1,200 x g, 15 min, 4˚C) and the supernatant was collected. Protein concentration was measured using the Pierce BCA kit following the manufacturer's protocol. Equal quantities of protein (10 µl) were resolved by SDS-PAGE on a 12% gel for 90 min. The resolved protein was transferred onto a polyvinylidene difluoride membrane, which were blocked (60 min, room temperature) with 5% dried milk. Subsequently, the membranes were incubated with primary antibodies in Tris-buffered saline-Tween-20 (TBST) directed against HSP60 (1:1,000 dilution), MYD88 (1:1,000 dilution), HSF-1 (1:1,000 dilution), TLR-4 (1:1,000 dilution), caspase-3 (1:2,000 dilution) or β-actin (1:1,000 dilution) at 4˚C overnight. After washing with PBS, the membranes were incubated with anti-mouse (cat. no. ZB-2305; 1:5,000 dilution) or anti-rabbit (cat. no. ZB-2301; 1:5,000 dilution) secondary antibodies diluted in TBST for 1 h at room temperature. Proteins bands were then visualized using the ECL kit and X-ray films. The results were quantified using Quantity One software, version 4.6.9 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis.
Results are presented as the mean ± standard error of the mean of three independent experiments. One-way analysis of the variance followed by a post hoc Student-Newman-Keuls test was used statistically analyze the significance of differences between groups. P<0.05 was considered to indicate a statistically significant difference. SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis.
Results
MT increases LPS-treated BV2 cell viability.
The CCK-8 assay was performed to detect the effect of MT on the viability of LPS-stimulated BV2 cells. The results indicated that after treatment with 1 µg/ml LPS for 30 min the viability of BV2 cells significantly decreased compared with the control group (P<0.05; Fig. 1 ). However, when LPS treatment was followed by MT treatment (5, 10, 20 or 50 µg/ml) for 24 h BV2 cell viability was significantly increased compared with the group treated with LPS alone (all P<0.05; Fig. 1 ). BV2 cells treated with 5-10 µg/ml MT exhibited the optimal increase in viability; thus, 7.5 µg/ml MT was used in subsequent experiments. 
HSP60 expression is inhibited by MT in LPS-stimulated BV2 cells.
Western blotting and ELISA were used to investigate the effects of MT on HSP60, and HSF-1 expression (Fig. 2) . The results indicated that LPS stimulation significantly increased the level of HSP60 compared with the control group; however, MT treatment following LPS stimulation significantly reduced this increase (both P<0.05; Fig. 2A) . Similarly, the ELISA results demonstrated that the release of extracellular HSP60 in LPS-stimulated BV2 cells was significantly inhibited by MT compared with cells treated with LPS alone (P<0.05; Fig. 2C ). HSF-1 is a transcription factor that regulates HSP60 expression and release (9) . Western blot analysis revealed that the expression of HSF-1 was significantly upregulated by LPS compared with the control group; however, subsequent MT treatment significantly reduced this increase (both P<0.05; Fig. 2B) . A previous study reported that HSP60 may translocate extracellularly during cellular stress in order to induce apoptosis (15) . (Fig. 3B ) and caspase-3 (Fig. 3C ) compared with cells treated with LPS alone (both P<0.05). These results indicate that MT exerts its neuroprotective effects through inhibiting the TLR-4/MyD88 signaling pathway, which subsequently inhibits microglial activation.
MT decreases the expression of TLR-4, MyD88 and caspase-3 proteins in LPS-
MT reduces proinflammatory cytokine TNF-α production in LPS-stimulated BV2 cells.
To evaluate the effect of MT on the production of inflammatory factors, the level of TNF-α in the culture media was measured using an ELISA. This revealed that MT significantly inhibited the release of TNF-α in LPS-induced BV2 cells compared with cells treated with LPS alone (P<0.05; Fig. 4) . This indicates that MT may prevent neuronal cell death by suppressing the production of inflammatory factors. 
Discussion
Microglia serve a primary role in the immune response in the CNS, and activated microglia secrete numerous proinflammatory and neurotoxic factors, which are responsible for inflammation-associated and neurodegenerative diseases (16) . Inhibiting microglial activation, in order to reduce the production of proinflammatory and neurotoxic factors, may be an effective method for the prevention and treatment of neurodegenerative diseases.
LPS has been demonstrated to induce the activation of microglia (17) . Here, 1 µg/ml LPS was used to stimulate microglia BV2 cells for 30 min in order to establish a microglial activation model. The effect of MT on activated microglia was then investigated via cell viability assays, western blotting and ELISAs. Western blotting results revealed that the expression of HSF-1, MyD88, HSP60 and TLR-4 increased significantly after LPS stimulation, and that MT treatment could significantly reduce this increase. ELISA results demonstrated that MT could significantly reduce the expression of HSP60 and TNF-α. These results indicate that MT inhibits microglial activation via inhibiting the HSP60/TLR-4/MyD88 signaling pathway.
MT, an alkaloid with low toxicity, is widely used in clinical treatment, for example, to treat silicosis and prevent liver function damage of anti-tumor drugs (18, 19) . MT has been demonstrated to exert anti-inflammatory, antitumor, antiarrhythmia, antipyretic, analgesic and anticonvulsant effects in the CNS (12, 13) . However, it remains unclear whether MT has neuroprotective effects on microglia.
HSP60 is a mitochondrial protein with dual roles. Under normal conditions, HSP60 acts as a molecular chaperone, assisting in polypeptide transposition, folding and assembly. When HSP60 is overexpressed or ectopically expressed under conditions of stress, HSP60 acts as a self-antigen, which is recognized by the immune system and causes an immune response (20) . HSP60 also acts as a signal molecule, serving a role in signal transduction (21) (22) (23) . Activated HSP60 is primarily localized in the plasma membrane or extracellular space, where it exerts a proapoptotic effect by enhancing caspase activation (24) . LPS-induced microglia cells are toxic when caspase-3 is active, however activated microglia have been demonstrated not to be toxic to neighboring neurons when caspase-3 is inhibited (25, 26) . The transcription factor HSF-1 regulates the expression of HSP60 by binding to its promoter (27) . The results of the present study demonstrated that MT significantly decreased the expression and release of HSP60, caspase-3 and HSF-1 in LPS-stimulated BV2 microglia cells.
HSP60 is a ligand of TLR-4, which is a component of two signaling pathways, one that is MyD88-dependent and another that is independent of MyD88. MyD88 is a common receptor for all of the known TLRs, excluding TLR-3 (28) . The results of the present study identified that the protein expression of TLR-4 and MyD88 significantly increased in LPS-stimulated BV2 cells, and that MT significantly inhibited this increase. Activated microglia cells release a large amount of proinflammatory cytokines, including TNF-α and interleukin 1β. TNF-α serves important roles in the immune response and apoptosis, and this increased expression of TNF-α is associated with the destruction of dopaminergic neurons (29) . ELISA results from the present study demonstrated that TNF-α was released by BV2 cells upon LPS activation, and that this significant increase in extracellular TNF-α could be inhibited by MT.
In conclusion, the results of the present study indicate that MT inhibits the activation of microglia by suppressing the HSP60/TLR-4/MyD88 signaling pathway, and that this inhibited has a neuroprotective and anti-inflammatory effect. Thus, MT is a potential neuroprotective agent. These findings may provide a novel direction for the treatment of neurodegenerative diseases.
